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Water retention in compacted clays is dominated by multi-modal pore size distribution which evolves during
hydro-mechanical paths depending on water content and stress history. A description of the evolutionary
fabric has been recently introduced in models for water retention, but mostly on a heuristic base. Here, a
possible systematic approach to account for evolving pore size distribution is presented, and its implications
in models for water retention are discussed. The approach relies on quantitative information derived from
mercury intrusion porosimetry data. The information is exploited to introduce physically based evolution
laws for the parameters of water retention models. These laws allow tracking simultaneously the evolution
of the aggregated fabric and the consequent hydraulic state of compacted clays. The inﬂuence of clay micro-
structure, mechanical constraints and water content changes on the water retention properties is highlighted
and quantiﬁed from experimental data on different compacted soils with different activity of the clayey
fraction. The framework is discussed with reference to a widespread water retention model and validated
against experimental data on a Sicilian scaly clay compacted to different dry densities and subjected to a
number of hydro-mechanical paths. Copyright © 2014 John Wiley & Sons, Ltd.
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Classical water retention models have been formulated as a unique relationship between soil
suction and degree of saturation, Sr, or volumetric water content, θ. Despite their apparent
phenomenological nature, the earliest and most diffused analytical proposals have been
developed incorporating parameters linked to the pore size distribution of the porous medium,
for example Brooks and Corey [1], van Genuchten [2] and Fredlund and Xing [3].
More recently, because of evidence coming from new experimental data, the role of
mechanical variables, such as density and stress state, has been recognised, and attention has
been paid to their inﬂuence on the water retention properties, focussing essentially on the
dependence of the air-entry value on the void ratio [4–15]. The nature of the previous
relationships is basically phenomenological, in other words related to the hydraulic response of
the porous medium at the laboratory scale. However, they implicitly describe the role of
microstructure on the hydraulic properties.*Correspondence to: Gabriele Della Vecchia, Department of Civil and Environmental Engineering, Politecnico di
Milano, Piazza Leonardo da Vinci, 32, 20133, Milano, Italy.
†E-mail: gabriele.dellavecchia@polimi.it
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EVOLVING PORE SIZE DISTRIBUTION IN WATER RETENTION MODELLING 703Focussing the attention on compacted clays, it is well recognised that compaction on the dry
side of the optimum water content develops an aggregated fabric, characterised at least by two
levels of pores: intra-aggregate and inter-aggregate. Experimental evidence shows that this
fabric is not unique and that the size of the aggregates is sensitive to the compaction water
content [16], to the chemical composition of the pore ﬂuid [17] and to the actual hydro-
mechanical path followed [18]. Furthermore, the fabric developed during compaction is not
ﬁxed, but evolves along multiphysics generalised stress paths, as discussed by Romero et al.
[19], Cuisinier and Laloui [20], Koliji et al. [21], Della Vecchia [22], Monroy et al. [23] and
Wang et al. [24], amongst others. As a consequence, deep comprehension of the soil structure
and of its changes along hydro-mechanical paths should be the starting point for the
modelling of the retention behaviour of compacted clays, irrespective of the analytical form
chosen for the constitutive laws.
The experimental technique most often used to gather quantitative information on the fabric
of porous media with interconnected porosity is the mercury intrusion porosimetry (MIP) (see,
e.g. the works of Delage and Lefebvre [25], Grifﬁths and Joshi [26], Al Mukhtar et al. [27],
Cuisinier and Laloui [20], Simms and Yanful [28] and Thom et al. [16], amongst others).
Detailed information provided by MIP has been exploited by some authors to develop water
retention models able to account for evolving fabric. Interesting contributions are provided by
Simms and Yanful [29], Romero et al. [30], Casini et al. [31], Beckett and Augarde [32],
Della Vecchia et al. [33], Hu et al. [34] and Dieudonné et al. [35]. It is worth remarking, at
this stage, that whilst the pore network topology depends on the complex fabric of the
different structure levels of a soil, MIP provides only a partial information on the soil fabric,
which is a scalar measure of the interconnected pore sizes. Accounting for this limitation, the
terms microstructure and macrostructure will be adopted in the following to indicate the
distribution of the intra-aggregate (micro)pores and of the inter-aggregate (macro)pores,
respectively.
The role of evolving pore size distribution for deformable soils has been discussed by Hu et al.
[34], in modelling the hysteretic water retention behaviour. The latter authors assumed that the
shape and the distribution pattern of the pore size density (PSD) function are not signiﬁcantly
altered during deformation processes, and they neglected the change in intra-aggregate pore
size distribution. However, along hydro-chemo-mechanical loading paths, changes in the intra-
aggregate porosity are not negligible when variations of water content and/or chemical
composition of the pore ﬂuid are involved.
A methodology is presented herein to take into account the evolution of the pore network, as
detected from the pore size distribution, into water retention models in a comprehensive way. An
insight into the link between the pore size distribution of a soil and its water retention properties
is presented. The framework is ﬁrstly introduced for single-porosity media, and it is then
extended to double-porosity media such as compacted clays. The inﬂuence of mechanical
loads and changes in water content on the clay structure, as well as the consequences of this
structure on water retention, is emphasised and quantiﬁed, based on a detailed analysis of
experimental data on different compacted soils with different activity of the clayey fraction.
The implications of the proposed framework are highlighted by analysing the theoretical
response of the model along hydro-mechanical stress paths. The framework is then validated
against experimental data on a compacted Sicilian scaly clay.2. PORE SIZE DENSITY FUNCTION AND WATER RETENTION PROPERTIES
Let f(r) indicate the generic pore size distribution of a porous medium. The relative frequency of pores
whose size ranges between r and (r + dr) is equal to f(r) · dr, and, by deﬁnition,
∫∞0 f rð Þdr ¼ 1 (1)Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
704 G. DELLA VECCHIA ET AL.Indeed, the pore sizes have a lower, Rmin, and an upper, Rmax, bound, which allows writing
∫RmaxRmin f rð Þdr ¼ 1 (2)
The cumulative function F(R)
F Rð Þ ¼ ∫R0 f rð Þdr ¼ ∫
R
Rmin f rð Þdr (3)
measures the amount of pores whose radius is smaller than R. By deﬁnition, the pore size distribution f
(r) can be obtained by the cumulative function by derivation:
f rð Þ ¼ dF rð Þ
dr
(4)
Figure 1a and b allows visualising the link between the cumulative function F(R) and the pore size
distribution f(r). The use of the logarithmic scale for the pore radius r is justiﬁed by its wide range of
variation. Figure 1a shows an example of cumulative function F(R), giving a value F(2 μm) = 0.865
for a pore radius equal to 2 μm, which indicates that 86.5% of the pore volume is made of pores
having a radius smaller than 2 μm. Figure 1b shows the same information in terms of pore size
distribution f(r): the integral over f(r) up to 2 μm is equal to 0.865. With reference to this example,
it is worth noting that, despite the fact that the value of f(109 m) is signiﬁcantly greater than zero,
the contribution of pores smaller than 10-9 m to the total pore volume is negligible. This
observation justiﬁes the introduction of the PSD function as an alternative variable to represent the
distribution of the pore sizes. With
Fe Rð Þ ¼ e F Rð Þ (5)
representing the contribution of the pores having a size smaller than R to the total void ratio, e, the
PSD function is deﬁned as
PSD rð Þ ¼ dF
e rð Þ
d log rð Þð Þ ¼ e
dF rð Þ
dr
r ln 10ð Þ ¼ ef rð Þr ln 10ð Þ (6)
In Figure 1c, the PSD derived from the F(R) shown in Figure 1a highlights how the contribution of
the different pore radii to the total void ratio can be more effectively visualised. Following the previous
deﬁnition, the integral over the PSD function up to 2μm corresponds to the 86.5% of the total void
ratio of the sample.
2.1. Single-porosity media
According to the framework introduced by Millington and Quirk [36] and Mualem [37], as a ﬁrst
approximation the pores in the soil can be represented by a bundle of different sized cylindrical
tubes. Under this assumption, which disregards the connectivity between the pores, during a wetting
process the different classes of pores are sequentially ﬁlled starting from the smallest ones. This
allows identifying F(R) with the current degree of saturation Sr(R):
Sr Rð Þ ¼ F Rð Þ ¼ ∫RRmin f rð Þdr (7)
and Fe(R) with the current water ratio ew(R), deﬁned as the volume of ﬁlled pores with respect to the
volume of the solids:
ew Rð Þ ¼ Sr Rð Þ  e ¼ Fe Rð Þ (8)Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
Figure 1. Conceptual link between cumulative function, pore size distribution, pore size density function and
water retention curve.
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allows to associate a value of suction ψ to each pore radius r. In Equation (9), T is the surface
tension of the pore ﬂuid, and α is the contact angle between the ﬂuid and the soil particles.
The quantity C = 2Tcosα is constant for a given soil mineralogy and chemical composition of
the pore ﬂuid; therefore,






dr ¼ G ψð Þ (10)
The relationship Sr=G(ψ) is generally called water retention curve and is represented in Figure 1d. The
latter conceptually coincides with Figure 1a, where pore radius is substituted with suction. TheCopyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
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146 kPa, which is the value corresponding to a pore radius of 2μm according to the Laplace equation.
It is worth noting that the conceptual link between the pore size distribution and the water retention
curve has a general value, although different functions ψ(r) could be introduced to more accurately
reproduce the retention mechanisms for different pore shapes [32]. According to the previous
equations, a one-to-one correspondence between a chosen water retention curve model and a pore
size distribution can be obtained. A convenient simple expression for the pore size distribution can
be formulated starting from the most common equation used for water retention curve models, that
is, the van Genuchten equation [2]:




where α, m and n are three model parameters. The effects of the three parameters α, m and n on the water
retention curve shape are well known and are discussed, for example, by Fredlund and Xing [3]. The
analytical expressions for F(R), f(R) and PSD associated to the van Genuchten model are presented in
Appendix A.
2.2. Double-porosity media
Clays compacted on the dry side of the Proctor plane, up to the optimum water content, are generally
characterised by a bimodal pore size distribution. For such materials, pores can be classiﬁed into two
main classes, intra-aggregate pores (micro-pores) and inter-aggregate pores (macro-pores), and the
cumulative pore size distribution can be obtained as the superposition of the cumulative distributions of
the two classes of pores. Following the framework introduced in the previous section, the total degree






where, ϕm is the porosity of the microstructure (Vvm/Vtot), ϕM is the porosity of the macrostructure
(VvM/Vtot), and ϕ is the total porosity with Vwm and VwM being the volume of water in the micro-
pores and the macro-pores respectively, and Vvm and VvM are the corresponding volume of voids.
The cumulative distribution F(R) now reads
F Rð Þ ¼ ∫RRmin f rð Þdr ¼ Sr Rð Þ ¼
ϕm
ϕ
Srm Rð Þ þ ϕM
ϕ
SrM Rð Þ (13)
and, by deﬁnition, the pore size distribution f(r) can be calculated as









Two water retention functions Srm,M =G
m,M (ψ) must be deﬁned for the two domains. If the van
Genuchten equation is adopted for each domain, the two functions can be written as








where nm, mm, αm and nM, mM, αM are the van Genuchten parameters for the micro-pores and the
macro-pores, respectively. The complete set of equations for the corresponding bimodal waterCopyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
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reported in Appendix A for the sake of completeness. An example of a bimodal PSD curve, which can
be simulated with the framework proposed, is shown in Figure 2a, which clariﬁes the link between the
global PSD curve and its micro and macro components. It is worth noting that, given that the two
distributions overlap, some pore radii can belong to both the intra-aggregate and the inter-aggregate
regions.
By means of the Laplace equation, the water retention curve in Figure 2b and c is obtained: for a
porous medium whose PSD is bimodal, the retention curve is thus obtained by the superposition of
two distinct retention mechanisms, one for the microstructure and one for the macrostructure, whose
envelope results in a ﬁnal bimodal water retention curve. Here, and in the following, we assume the
different structure levels always to be in thermodynamical equilibrium, hence the current value of
suction to apply to both the microstructure and the macrostructure levels. Each domain is
characterised by its own air-entry value: in the example provided in Figure 2b, for a suction
s= 100 kPa, the degree of saturation of the macro-pores is lower than 0.2, whilst for the same
suction value, the micro-voids are still saturated (Srm= 1).
It is worth noting that the degree of saturation is not additive, as it is obtained by the sum of the micro
and macro degree of saturation, weighted by the corresponding volumetric fractions (Equation (14)). On
the contrary, the water ratio, ew, deﬁned as the volume of water over the volume of solids, is additive and
can be calculated by summing its micro and macro fractions: ew= ewm+ ewM (Figure 2c).a – Pore size density function b – Water retention curve in terms of degree 
                             of saturation
c – Water retention curve in terms of water ratio
Figure 2. Conceptual link between PSD and water retention curve for a double-porosity medium.
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RETENTION PROCESSES
Despite the as-compacted double-porosity fabric of compacted clays, soil water retention curves
obtained in the laboratory for these materials rarely show a bimodal shape. This seeming paradox
can be explained if the fabric evolution along hydro-mechanical paths is taken into account. In order
to obtain a physically based link between the PSD function and the water retention curve determined
by means of experimental tests, a number of PSD data were analysed on compacted clays subjected to
different hydro-mechanical paths. MIP data are exploited to this aim. For the sake of simplicity,
hysteresis is not addressed here, and reference is equally made to drying or to wetting paths.
The effects of mechanical paths are discussed ﬁrstly. Experimental data involving different pore size
distributions of compacted bentonite–sand mixture samples at different dry densities and at the same
water content are presented in Figure 3a [38, 39]. Bentonite–sand samples (70–30% proportion on
dry mass basis) were compacted at a water content between 10% and 11% and at dry densities of
1.67Mg/m3 (e0 = 0.62), 1.80Mg/m
3 (e0 = 0.5) and 1.97Mg/m
3 (e0 = 0.37). Increasing the compaction
effort at constant water content shifts the peak of the macro-pore distribution towards smaller pore
radii, and it reduces its height, according to Hu et al. [34]. On the contrary, the microstructure void
distribution is hardly affected by the compaction density. Similar results have been observed on
different compacted clayey soils, such as Boom clay [30, 33], London clay [23], FoCa clay [40],
Speswhite kaolin [41] and Barcelona silty clay [42].
MIP data are used here to derive a theoretical matric suction–water ratio relationship, following
Romero and Simms [43], who suggested that the mercury intrusion path can be assimilated to the
air intrusion along the desorption path of water retention curve. Theoretical water retention curves
corresponding to the frozen initial fabric obtained upon compaction from the PSD data of a
bentonite–sand mixture are shown in Figure 3b, which shows the evidence of the dominant role of
dry density on the air-entry value of the macro-pores.
The effect of hydration processes at different mechanical constraints is highlighted in Figure 4a.
With reference to compacted Boom clay, the PSD of the as-compacted material is compared with
the PSDs of the following: (i) a constant volume-saturated sample (isochoric saturation); (ii) a
sample saturated at a constant vertical stress σv of 85 kPa; and (iii) a sample saturated at a constant
vertical stress of 600 kPa. All the saturated samples, subjected to freeze drying before MIP test in
order to preserve the actual ﬁnal fabric of the material, show a dominant unimodal PSD function.
An interpretation of these results is provided by Romero et al. [30]: the isochoric and the
σv= 85 kPa saturation paths affect both inter-aggregate and intra-aggregate pores. After saturation,a – PSD at different compaction density b – Water retention curve from MIP data 
      at different compaction density
Figure 3. Compacted bentonite–sand mixture at different void ratios (same water content), from Wang et al.
[38] and Saba et al. [39].
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
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a – PSD from MIP data b – WRC obtained from MIP data
Figure 4. Compacted Boom clay samples saturated with different mechanical constraints, from Della
Vecchia [22] and Romero et al. [30].
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originated by both expansion of the micro-pores and invasion of macro-pores. A more signiﬁcant
reduction of the inter-aggregate porosity is observed for the sample saturated at σv= 600 kPa,
because of the additional effect of macro-pore collapse upon wetting at high stress level
(as discussed in [33]). Similar results have been presented by Lloret and Villar [44] for compacted
FEBEX bentonite samples, whilst ﬁlling of the macro-porosity due to expanding microstructure has
been highlighted by Cui et al. [45].
Theoretical water retention curves obtained from MIP data corresponding to the ﬁnal fabric are
presented in Figure 4b. According to the PSD data, the bimodal water retention curve of the as-
compacted state turns into a unimodal curve after saturation. The role of void ratio is again evident
in the macroscopic part of the curve, essentially in terms of air-entry value: the highest air-entry
value is found for the sample that experienced largest plastic compression strain upon wetting
(σv = 600 kPa). Besides, the comparison between the curves representing the as-compacted sample
and the isochoric saturated one testiﬁes that, at the same void ratio, the air-entry value is a function
of the current water content. Actually, as the water content increases, the aggregates swell, reduce
the volume of the macro-pores and increase the air-entry value. The role of aggregate swelling is
evident also noting the signiﬁcant differences between the as-compacted sample and the saturated
ones in the micro-porosity domain. Increasing the aggregate size implies not only an increase in the
air-entry value of the macro-pores but also a reduction of the air-entry value of the micro-pores.
Notwithstanding the consistent pattern of information provided on water retention properties by
MIP data, in the practice, a water retention model cannot be obtained directly by derivation of the
resulting PSD. On the one hand, the derivation of the matric suction–degree of saturation
relationship, by means of relationship such as the Laplace law, should be limited to the low suction
range (usually lower than 2MPa), in which capillary mechanisms dominate. However, Prapaharan
et al. [46] and Romero et al. [19] have shown that, also in this range, MIP predictions substantially
underestimated water contents at suction greater than tens of kiloPascal. Amongst other reasons,
Romero and Simms [43] attributed this discrepancy to different accessibilities of pores in MIP and
retention curve samples. On the other hand, the fabric of soils changes continuously during drying
and wetting paths, as highlighted amongst others by Simms and Yanful [47, 29], who showed the
PSD evolution during water retention testing. As a consequence, the retention properties predicted
from a single PSD cannot capture the material behaviour at different suction levels: a single PSD
could only predict the retention properties that the soil would show if its fabric were frozen at the
hydraulic state at which the pore size distribution was determined. Therefore, numerous PSDs are
required to determine a complete retention curve [30, 15, 32]. Nonetheless, despite the fact that theCopyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
710 G. DELLA VECCHIA ET AL.parameters of a water retention model cannot be directly calibrated on MIP data, the quantitative
information on pore size distribution can provide information on the constitutive laws for the
aggregate deformation, as well as on the form of the evolution laws for the parameters of the water
retention curve to properly take into account the related PSD evolution.
To analyse the evolution of the retention properties along different hydro-mechanical paths, a
calibration procedure was evaluated directly on the experimental data obtained by MIP tests. The
ﬁrst step is the choice of a suitable analytical model for the water retention behaviour, ideally one
for each structural domain. Given the analytical expression for the water retention curve, the
analytical expression of the corresponding pore size distribution can be obtained following the
procedure introduced in the previous section. The chosen analytical PSD model can be calibrated by
best ﬁtting of the experimental MIP data, keeping ﬁxed the greatest number of parameters as
possible and correlating the non-constant parameters with hydro-mechanical state variables.
The approach is shown by analysing the results on different compacted clay soils, with reference to
the model presented by Dieudonné et al. [35] and reported in Appendix A. The calibration procedure
was performed on compacted Boom clay, as well as on compacted London clay [23], MX-80 clay [48],
Hong Kong clay [49] and bentonite–sand mixture [38, 39]. The law ruling the evolution of
microstructural void ratio em along generalised hydro-mechanical paths can also be directly
established during the calibration phase. Good correlation was found between the void ratio of
micro-voids, em=Vvm/Vs, and the water ratio, ew, which can be given the form:
em ¼ β0e2w þ β1ew þ em;0 (16)
where β0 and β1 are parameters that quantify the swelling potential of the aggregates and em,0 is the
microstructural void ratio for the dry material (ew=0). In a reasonable water ratio range, Equation (15)
provides predictions similar to those of the bilinear expression proposed by Romero et al. [30], whilst
providing a continuous evolution of em with the water ratio.
As a conceptual difference from the framework proposed by Della Vecchia [22] and Romero
et al. [30], MIP data are directly used to calibrate the pore size distribution model by means of
Equation (15), without any a priori deﬁnition of a discriminating diameter between micro-pore and
macro-pore size domains. According to Romero et al. [30], the tendency of the aggregates to swell
appears to be linked to the plasticity of clayey soils, and the microstructural void ratio at the dry
state can be reasonably considered a function of the mineralogical properties of the clayey fraction.
Romero et al. [30] also proposed a correlation between the microstructural void ratio corresponding
to dry macrostructure and saturated micro-pores, e*m, and the speciﬁc surface of the clayey fraction.
In order to improve the practical utility of the framework proposed, further correlations are here
evaluated with material properties easy to obtain in standard soil mechanics laboratories. These
correlations, reported in Figure 5, have been obtained analysing the PSD evolution of the selected
clayey soils from MIP data. Figure 5a and b shows possible correlations that link the parameters β0
and β1 to the activity index of the material, deﬁned as the ratio between the plastic index and the
percentage of clay-sized particles. As for the parameter em0, a relation similar to the one proposed
by Romero et al. [30] for e*m should be valid. However, because of the possible dependence of the
initial microstructural void ratio on compaction energy, compaction density and compaction water
content, no satisfying correlation for em0 could be obtained with this data set.
Figure 6 shows the results of the calibration procedure for the parameter 1/αm, that is, the air-entry
value of the intra-aggregate porosity, as a function of the current intra-aggregate void ratio, em, for
compacted Boom clay, London clay and Hong Kong clay. The evolution of the air-entry value of
the micro-pores seems to be well normalised with the microstructural void radio em, by means of the
same interpolation function. An exponential ﬁtting law linking αm to em can thus be proposed:
1
αm
¼ α mð Þ1 exp α mð Þ2 em
 
; (17)
where α1(m) and α2(m) are model parameters. Equation (16) has a clear physical meaning, suggesting that
the greater the size of the intra-aggregate pores, the lower the air-entry value of the aggregates. For theCopyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
Figure 5. Correlations for the swelling properties of the aggregates. Experimental data from Della Vecchia
[22] and Romero et al. [30] for Boom clay, Monroy et al. [23] for London clay, Li and Zhang [49] for Hong
Kong clay, Wang et al. [38] and Saba et al. [39] for bentonite–sand (S–B 70–30), and Delage et al. [48] and
Wang [59] for MX-80.
Figure 6. Evolution of αm for three low-medium activity clays. Experimental data from: Della Vecchia [22]
and Romero et al. [30] for Boom clay, Monroy et al. [23] for London clay, and Li and Zhang [49] for Hong
Kong clay.
EVOLVING PORE SIZE DISTRIBUTION IN WATER RETENTION MODELLING 711three materials analysed, the relationship between αm and em seems unique. However, the three clays
considered are characterised by comparable activity values; hence, no general validity is claimed for
the proposed relationship, and more experimental data are needed to extend this conclusion to other
materials with signiﬁcantly different mineralogical properties.
As for the results of the calibration procedure for the evolution of 1/αM, that is, the air-entry value of the
macrostructure, good correlation was found with the ratio of inter-aggregate pore volume over the total
volume of pores, eM/e, as well as with the normalised inter-aggregate void ratio e*M=VvM/(Vs+Vvm),
as proposed by Mašín [50]. Figure 7 shows the calibrated values of 1/αM for compacted Boom clay,
Honk Hong clay, London clay and bentonite–sand 70–30, together with an exponential trend for
each material. Differently from Figure 6, it is not possible to recognise a unique trend for all these
materials, probably because of different inter-aggregate fabrics imparted by the differentCopyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag









where α1(M) and α2(M) are model parameters. The trends obtained seem consistent with the
phenomenological power law proposed by Gallipoli et al. [8], Tarantino and De Col [41] and
Gallipoli [14], which link the air-entry value to the void ratio. However, in this case, not only
the effect of different dry densities of the material is taken into account to rule the evolution
of αM, but also the size of the evolving aggregates, according to the double-porosity nature of
compacted clays.4. THEORETICAL PREDICTIONS OF THE FRAMEWORK
The previous framework provides a physically based link between the retention properties and the
state variables at the microscopic and at the phenomenological levels, and it also helps in
understanding and visualising some peculiar aspects of the retention behaviour of compacted
clayey soils. As introduced in the previous section, experimental data of compacted clayey
soils clearly show that the water retention curve shows a unimodal response during direct
measurement, despite the as-compacted bimodal pore size distribution. This evidence is a
consequence of the evolution of soil fabric during the hydro-mechanical path followed during
the measurement of the water retention domain. The interpretation provided by the framework
is shown in Figure 8. Let us consider a porous medium with an initially bimodal pore size
distribution (Figure 8a, continuous line, ew0 = 0.4, e0 = 0.9), subjected to a wetting process at
constant volume: this path can be associated with the determination of the wetting branch of a
water retention curve for a given void ratio. During hydration (from ew = 0.4–0.6), the
aggregates expand, and partially ﬁll the macro-porosity due to the constant volume constraint
(Δe =Δem +ΔeM = 0 implies ΔeM =Δem). As a consequence, the inter-aggregate void ratio
reduces, and the intra-aggregate void ratio increases (Figure 8a, dotted line). According to the
correlations proposed in Figures 6 and 7, an increase in the air-entry value of theFigure 7. Evolution of αM with the ratio eM/e. Experimental data from: Della Vecchia [22] and Romero et al.
[30] for Boom clay, Monroy et al. [23] for London clay, Li and Zhang [49] for Hong Kong clay, and Wang
et al. [38] and Saba et al. [39] for bentonite–sand (B-S 70–30).
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
a – PSD evolution due to wetting at constant volume b – WRC at frozen fabric evolution due to 
           wetting at constant volume
Figure 8. Theoretical predictions of the framework along wetting at constant volume.
EVOLVING PORE SIZE DISTRIBUTION IN WATER RETENTION MODELLING 713macrostructure (i.e. decrease of αM) and a reduction of the air-entry value of the microstructure
(i.e. increase of αm) are expected, as shown in Figure 8b. The dotted lines show the water
retention curve of the macro-pores for two different fabrics, corresponding to the as-compacted
state (ew= 0.4) and to the state of the sample after wetting (ew=0.6): an increase in water content
is associated to an increase of the air-entry value of the macro-pores. On the contrary, continuous
lines show that the air-entry value of the micro-pores reduces as a consequence of wetting.
As the water content increases, the peak of the macroscopic PSD moves leftwards. Vice versa, the
aggregates expand, and their pore size distribution moves towards larger radii, ﬁnally ending in a
global unimodal PSD: in this state, the micro-porosity and the macro-porosity are signiﬁcantly
superimposed (Figure 9a). As a consequence, the air-entry values of the water retention curves of
the micro-pores and of the macro-pores tend to the same value, leading to an apparent unimodal
water retention curve (Figure 9b).
As the fabric of the material is never frozen in a given state but continuously evolves along
hydration, none of the plotted retention curves at different frozen states correspond to the measured
water retention curve, which is actually a subset of points on the curves corresponding to the current
different soil fabrics, as discussed by Simms and Yanful [29], Romero et al. [30], Zhou et al. [15]
and Beckett and Augarde [32]. Figure 10 shows the water retention curves, obtained by the PSD
functions corresponding to different frozen fabrics, and the water retention curve predicted by
the model summarised in Appendix A, which is characterised by a micro-fabric evolution
ruled by Equations (16) and (17). The water retention curve for evolving fabric shows in the
low suction range a hydraulic behaviour similar to the one of the saturated material. At
increasing suction, the predicted curve crosses the ‘frozen’ curves corresponding to different
water ratios, reaching the curve corresponding to the as-compacted state for a suction of the
order of 2MPa. For higher suctions, the evolving curve is quite similar to the as-compacted
one, because of the limited aggregate deformation in the high suction range [30, 17].
By tracking the explicit dependence of water retention on PSD evolution along different
hydro-mechanical paths, the proposed framework is able to take into account the variation in
water retention properties obtained with different mechanical constraints. As evidenced by
Loiseau et al. [51] and Cui et al. [52], the water retention curve under constant-volume and
free-swell conditions can be signiﬁcantly different. Figure 11a shows the model predictions in
the two cases, starting from an as-compacted condition with ew0 = 0.49, s0 = 2MPa, e0 = 0.9 and
reaching a ﬁnal condition for the swelling sample with ef = 1.2. It is interesting to notice that
these differences cannot just be explained in terms of void ratio variation, that is, different
saturated water contents. The predicted water retention curves are evidenced in Figure 11b,
where the higher air-entry value for the constant-volume retention curve can be appreciated.Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
a – PSD evolution upon hydration b – WRC evolution upon hydration
Figure 9. Continuous fabric evolution along saturation path.
Figure 10. Water retention curve as the subset of the current states at evolving fabric.
714 G. DELLA VECCHIA ET AL.The role of the micro-fabric along the two hydraulic paths is evident from Figure 11c, where the
evolution of both em and eM is shown for the two tests. As em is proportional to ew, the higher
the water content of the sample, the largest the intra-aggregate void ratio. The simultaneous
evolution of both total and microstructural void ratios implies signiﬁcant difference in the
macrostructural void ratio, and thus in the transport properties of the material as, for example,
diffusivity [17] and hydraulic conductivity [53].Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
a – Water ratio vs. suction b – Degree of saturation vs. suction
c – Evolution of intra-and inter-aggregate void ratio
Figure 11. Water retention curves at constant-volume and free-swell conditions.
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The described approach was embedded in a double-porosity van Genuchten model (see Appendix A),
which proved able to simulate the behaviour of double-porosity compacted soils. The hydro-
mechanical response of compacted Boom clay was very well caught, as testiﬁed by the comparison
in Figure 12 between experimental data of drying curves at constant void ratio and model
predictions. Nonetheless, it has to be remarked that a huge body of MIP data was available to the
aim of calibration for this soil [35]. For the approach to be used in the practice, at the laboratory or
at the ﬁeld scale, two subsequent steps are conceptually mandatory: (i) calibration should be
possible without a need for dedicated microstructural tests and (ii) complex hydro-mechanical paths
should be used for checking the modelling capabilities on different soils.
In a ﬁrst attempt to validate the framework, the water retention of a compacted scaly clay (Palermo
scaly clay) has been simulated, exploiting the analytical form of the correlations provided by MIP data
to infer some of the parameters needed for calibration. Actually, the correlations proposed in Figure 5a
(β0 = 0.2) and b (β1 = 0.05) and in Figure 6 (α1m= 180MPa, α2 = 9) were exploited for the
microstructural contribution along the main drying branch. The remaining parameters were
calibrated on the main drying and the main wetting branches of the water retention curve at a
constant void ratio of e = 0.45, presented by Airò Farulla et al. [54]. The results of the calibration
procedure on the compacted scaly clay is shown in Figure 13a and b (dotted lines), together with
the predictions (continuous lines) for the void ratios e= 0.50, e = 0.55 and e = 0.60.Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
Figure 12. Main drying curves for compacted Boom clay at constant void ratio. Experimental data from
Romero et al. [19] and Della Vecchia [22].
a – Main drying curves b – Main wetting curves
Figure 13. Water retention curve at constant void ratio for compacted scaly clay. Experimental data from
Airò Farulla et al. [54].
716 G. DELLA VECCHIA ET AL.A summary of the parameters obtained for the compacted scaly clay is presented in Table I. It is
worth noting that by just changing α1m and α1M, both the main drying and the main wetting could
be simulated.
The performance of the calibrated model was evaluated in terms of water inﬂow/outﬂow predicted
during cyclic suction changes and void ratio. The experimental data come from Airò Farulla [55], who
simulated the changes in void ratio by means of the Barcelona expansive model [56, 57] in order to
take into account the effects of the double porosity on the mechanical behaviour of the material.
Experimental data were obtained on a sample statically compacted at initial dry unit weight of
17.3 kN/m3 and water content w0 = 15% (corresponding to a suction s0 = 800 kPa), then loaded up to
σv= 800 kPa and ﬁnally subjected to suction-controlled wetting–drying cycles. Experimental
response of void ratio evolution during wetting–drying cycles is presented in Figure 14a, as a
function of suction (Test A). The sample was then subjected to a loading step up to 1600 kPa,
followed by unloading to 800 kPa and again subjected to wetting–drying cycles (Test B,
Figure 14b). The last wetting–drying cycles were performed after unloading the sample to
σv= 50 kPa (Test C, Figure 14c).Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
Table I. Water retention parameters for compacted scaly clay
nm mm α1m (MPa) α2m nM mM α1M (MPa) α2M
Drying 1.4 0.35 180 9 2 0.16 0.8 5
Wetting 1.4 0.35 150 9 2 0.16 0.2 5
a – Test A b – Test B 
c – Test C 
Figure 14. Suction–void ratio relation for Sicilian scaly clay [55].
EVOLVING PORE SIZE DISTRIBUTION IN WATER RETENTION MODELLING 717Compressive strains accumulate as a consequence of wetting–drying cycles, most of them
occurring along the ﬁrst wetting–drying cycle. With reference to the hydraulic behaviour,
predominant water inﬂow was observed in the ﬁrst cycles, which motivated the choice of a
hysteretic retention model. Here, the data reported in Figure 14 have been used as an input of the
calibrated water retention model, whose predictions in terms of water ratio variation are shown in
Figure 15. A linear relation between degree of saturation and suction was assumed for the scanning
region, as discussed by Della Vecchia et al. [33].
Further evidence of the different hydraulic responses of the material depending on suction
value (or water ratio) is presented in Figure 16, where experimental data from Airò Farulla
et al. [54] and numerical prediction of a free-swelling test at decreasing suction are
compared. For each suction and void ratio value, the estimated water ratio along main
wetting path has been calculated: changes in the swelling rate with suction are predicted
very well by the model.Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
DOI: 10.1002/nag
a – Test A b – Test B 
c – Test C 
Figure 15. Suction–water ratio relation for Sicilian scaly clay [55]: experimental data and model predictions.
Figure 16. Free-swelling test: experimental data versus model prediction. Experimental data from Airò
Farulla et al. [54].
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A framework for modelling the retention behaviour of compacted clayey soils, able to take into
account the PSD function evolution along hydraulic and mechanical paths, is discussed.
Starting from the theoretical link between the distribution of pore radii in a porous medium
and its water retention curve, a methodology was introduced which proves able to translate the
quantitative information retrieved from MIP into evolution laws for water retention properties.
The framework, based on experimental PSD data, allows discussing several features related to
the inﬂuence of micro-fabric evolution along hydro-mechanical paths, with the following
conclusions: (i) aggregate porosity depends on water content evolution; (ii) the air-entry level
of micro-pores evolves as a function of microstructural void ratio; (iii) the air-entry level of
macro-pores is linked to both microstructural and global void ratio. Remarkably, the evolution
law for the air-entry level of intra-aggregate pores can be approximately considered unique, at
least for clays from low to medium activity. As a further tool to increase the applicability of
the framework to engineering problems, that is, to reduce the number of parameters to
calibrate, correlations between the two parameters ruling the aggregate size evolution and the
activity of the clayey soil have been proposed.
The framework has been implemented in practice by using two curves of the van Genuchten
type to describe the water retention properties of the two different porosity levels. The
introduction of the evolution laws for both aggregate size and PSDs allows the water retention
model to follow step by step the evolving structure of the material. As a crucial consequence,
the model proved able to follow the transition between bimodal and unimodal PSDs along
wetting paths, highlighting the nature of the water retention curve as the subset of hydraulic
states belonging to a material with a different microstructure for each water content value. The
capability of including microstructure evolution as a consequence of both water content and
void ratio variation was exploited also to predict the different water retention responses of a
porous medium subjected to various mechanical constraints.
The model was ﬁnally validated on the basis of experimental data for a compacted Sicilian scaly
clay. Calibration of the parameters took advantage of the correlations previously derived and was
performed based on one main drying and one main wetting retention curves at a constant void ratio,
without using any further information from speciﬁc MIP.
Several aspects of the hydraulic response of the compacted clayey soils were coherently modelled,
namely the inﬂuence of void ratio on main drying and main wetting curves, the water exchanged along
cyclic suction changes and the suction-dependent swelling rate upon hydration. The proposed
physically based conceptual framework can thus be used as a tool for predicting the hydraulic
response of compacted clay along general hydro-mechanical path, including most situations that
can be found in engineering applications.
Simple extensions to include other aspects that can inﬂuence the water retention properties of a
clayey soil, such as the presence of a shielding skeleton [24, 38, 53], the chemical composition of
the pore ﬂuid [17] and the effects of micro-biological activity [58], could be provided, thanks to
the generality of the conceptual framework and the physical base of the state variables introduced.
APPENDIX A.
Without loss in conceptual generality, the framework proposed is here applied assuming that
the hydraulic response of each structural level can be modelled by a water retention curve of
the van Genuchten type:




Given the general deﬁnitions in Section 2, the PSD of each structural level of the porous medium
can be derived as follows:Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
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d log rð Þ ¼ f
e rð Þr ln 10ð Þ
(A:2)
being Fe(R) the portion of void ratio corresponding to pores whose size is smaller than R.
From Equation (A.1), the previously deﬁned functions can be expressed analytically as
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(A:3)If a double-porosity medium is considered, characterised by micro (m)-pores and macro (M)-pores,
the following relations hold for Fe(R), f e(r) and PSD(r):
Fe Rð Þ ¼ eSr Rð Þ ¼ emSrm Rð Þ þ eMSrM Rð Þ











d log rð Þ ¼ f
e rð Þr ln 10ð Þ
(A:4)
Assuming that the link between Sr and ψ is given by the van Genuchten equation for each structural
level (Equation (14)), the previously deﬁned function can be expressed analytically as
























d log rð Þ ¼ f
em rð Þr ln 10ð Þ þ f eM rð Þr ln 10ð Þ
(A:5)
The corresponding water retention model is ﬁnally expressed in terms of water ratio as
ew ψð Þ ¼ ewm þ ewM ¼ em 11þ αmψð Þnm
 mm
þ e emð Þ 11þ αMψð ÞnM
 mM
(A:6)Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:702–723
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